Abstract: This paper presents use of improved palm oil fuel ash (POFA) as a pozzolanic material in producing high-strength concrete. The POFA was ground by ball mill until the median particle size was reduced to about 10 m. It was used to replace portland cement, ASTM Type I, by 10, 20, and 30% by weight of cementitious materials to make high-strength concrete. It was found that high-strength concrete can be achieved by using ground POFA to replace portland cement Type I up to 30%. At the age of 28 days, concretes containing 10, 20, and 30% of ground POFA gave compressive strengths of 81.3, 85.9, and 79.8 MPa, respectively. Concrete with 20% replacement of ground POFA had the highest strength. It is slightly higher than that of concrete containing 5% condensed silica fume and about 92-94% that of 10% condensed silica fume concrete. The ground POFA content up to 30% had slightly effect on lowering the modulus of elasticity of concrete. In addition, the use of ground POFA reduced the peak temperature rise of concrete under semiadiabatic conditions.
Introduction
Palm oil industry is one of the major agro-industries in Thailand. The raw materials in the form of fresh fruit bunches are supplied to the palm oil industry and its process produces a large amount of solid waste materials in form of fibers, shells, and empty fruit bunches. They amounted to 2.1 million tons in 2001. These solid waste materials were used as fuel to produce steam for generating the electricity for palm oil extraction process. After combustion, about 5% palm oil fuel ash (POFA) by weight of solid wastes is produced. Due to the limited utilization of POFA, it has to be disposed as landfill materials, leading to potential future environmental problem. However, many researchers (Tay 1990; Hussin and Awal 1996; Awal and Hussin 1997; Sukuntapree et al. 2002) found that POFA had pozzolanic properties and could be used as a replacement of cement in concrete. The test results on the performance of POFA revealed that it had a good potential in reducing the expansion due to alkali-silica reaction (Awal and Hussin 1997) . The POFA has low pozzolanic reaction due to its large particle size and porous structure. However, the pozzolanic reaction of the POFA can be improved by grinding Awal 1996 and Sukuntapree et al. 2002) .
Generally, high-strength concrete is achieved by using superplasticizer in order to reduce the water to binder ratio and by using supplementary cementing materials such as coal fly ash, silica fume, natural pozzolan, or slag to create additional strength by pozzolanic reaction. Ground POFA has pozzolanic properties. Therefore, it may be suitable for use as a new supplementary cementing material in making high-strength concrete. The objective of this study was to investigate the use of POFA in producing high-strength concrete with the expected compressive strength at the age of 28 days to be higher than 75 MPa. Physical and chemical properties of the cementitious materials are tested. The effects of POFA as a cement replacement on concrete properties such as compressive strength, modulus of elasticity, and heat evolution were investigated. The results were compared with those of control concrete and concretes containing condensed silica fume.
Experimental Program

Materials
Materials used in this study consisted of portland cement Type I, fine and coarse aggregates, POFA, condensed silica fume, superplasticizer, and water.
The coarse aggregate used was crushed limestone with maximum size of 10 mm, specific gravity of 2.72, and SSD water absorption of 0.8%. The fine aggregate was local river sand, having a fineness modulus of 3.0, specific gravity of 2.59, and SSD water absorption of 1.0%.
The POFA is a byproduct obtained from burning palm oil fibers, shells, and empty fruit bunches from a power plant in the southern part of Thailand. This POFA had large particle size and porous texture (Sukuntapree et al. 2002) . It was ground by ball mill until the median particle size was reduced to about 10 m.
Imported condensed silica fume (SF) in powder form was used in this experiment. Polymer type dispersion superplasticizer was employed in all concrete mixtures.
Mixture Proportions
The mixture proportions of concrete are summarized in Table 1 . The target of this investigation was to produce high-strength concrete with the compressive strength higher than 75 MPa at the age of 28 days. Therefore, high cementitious materials of 560 kg/ m 3 and low constant water to cementitious materials ratio (W/cm) of 0.28 were used for all concrete mixtures as well as superplasticizer was added in order to maintain the slump of fresh concrete between 185 and 210 mm. The ratio of fine to coarse aggregates was 45:55 by volume.
Control mixture was concrete containing only portland cement Type I as cementitious material. Mixtures SF05, SF10, and SF15 were concretes with condensed silica fume replacement of 5, 10, and 15% by weight of cementitious materials, respectively. Mixtures POFA10, POFA20, and POFA30 were POFA concretes containing ground POFA of 10, 20, and 30% by weight of cementitious materials, respectively.
After 24 h, concrete cylinders with 100 mm in diameter and 200 mm in height were removed from the molds and cured in tap water at room temperature. They were tested to determine compressive strength at the ages of 7, 28, 60, and 90 days. Modulus of elasticity of concretes were also investigated at the age of 90 days.
In addition, the heat evolution under a small amount of heat loss (semiadiabatic condition) for all concrete mixtures was also observed. Concrete samples were cast in 350 mm cube molds with the lining insulator of 50 mm at each side. The heat evolution in terms of temperature rise was measured by inserting a thermocouple at the center of specimen for a period of 168 h (7 days). Table 2 shows the physical properties of portland cement Type I, condensed SF, POFA, and ground POFA. The particle size distribution curves of cementitious materials are shown in Fig. 1 . It should be noted that, after POFA being ground, the median particle size was reduced from 62.5 to 10.1 m and the amount retained on sieve No. 325 was changed from 41.2 to 1.5%. The specific surface area by Blaine fineness of portland cement Type I and ground POFA were 3,580 and 12,440 cm 2 / g, respectively. Particle shapes of portland cement Type I, condensed silica fume, POFA and ground POFA by scanning electron microscopy are shown in Fig. 2 . It reveals that the original POFA has large and high porosity particles [ Fig. 2(c) ], but the ground POFA has smaller, irregular, and crushed shaped particles [ Fig. 2(d) ]. The grinding process by ball mill reduced not only the particle size but also the porosity of the POFA. This can be seen by the increase of specific gravity of POFA from 1.97 to 2.33 in ground POFA.
Results and Discussion
Fineness and Particle Shape of Materials
Chemical Compositions of Materials
Chemical compositions of portland cement Type I, condensed silica fume, and ground POFA are shown in Table 3 . It was found that the major ingredients of portland cement Type I were CaO (65.4%), SiO 2 (20.9%), and Al 2 O 3 (4.8%) with loss on ignition (LOI) of 1.0%. The condensed silica fume consisted of high-SiO 2 content at 93.8% with LOI of 4.9%, which conformed to ASTM C 1240 since the component of SiO 2 was higher than 85% and LOI was less than 6%. For ground POFA, the sum of SiO 2 , Al 2 O 3 , and Fe 2 O 3 components was 69.9% ͑Ϸ70% ͒, while LOI and SO 3 were 10.1% ͑Ϸ10% ͒ and 0.5% ͑Ͻ4%͒, respectively, which can be classified as Class N pozzolan according to ASTM C 618. Awal and Hussin (1997) found that the sum of SiO 2 , Al 2 O 3 , and Fe 2 O 3 was 59.7% and LOI and SO 3 were 18.0 and 2.8%, respectively. The difference in chemical composition of the two POFA was due to the burning condition and the source of materials.
Compressive Strength
Compressive strengths and percentage of control concrete compressive strengths are tabulated in Table 4 . It can be observed that compressive strengths at the age of 28 days varied between 77.5 and 92.6 MPa (higher than 75 MPa). Therefore, they could be categorized as high-strength concrete.
The compressive strengths of concretes mixed with different replacement of condensed silica fume are presented in Fig. 3 . It was observed that at the same age, condensed silica fume concretes gave higher compressive strength than that of control concrete. At the age of 28 days, the compressive strength of SF concretes varied from 80.2 MPa in sample SF05 to 92.6 MPa in sample SF15, corresponding to 103 and 119% of control concrete, respectively. The higher compressive strength of silica fume concrete is due to the filler effects and pozzolanic reaction of very high fineness of silica fume, which improves the concrete pore structure (Hassan et al. 2000) . High SiO 2 content (93.8%) in condensed silica fume is able to bind more Ca͑OH͒ 2 and increases the extent of the pozzolanic reaction (ACI 2000b). In addition, using 10% of condensed silica fume in concrete seems to produce higher compressive strength than that of 5 and 15% of condensed silica fume. The results confirmed those of Jaturapitakkul et al. (2004) and Savva (2001) .
The compressive strengths of concretes using ground POFA of 10, 20, and 30% are presented in Fig. 4 . At the age of 7 days, the compressive strength of concrete with 10% of ground POFA was 71.7 MPa or 104% of the control concrete and higher than that of 20 or 30%. This is due to the high content of portland cement Type I (90%) in POFA10 concrete, which induces higher hydration reaction than those of POFA20 and POFA30 concretes. After 7 days, the POFA20 concrete gave higher compressive strength than those of POFA10 and POFA30 concretes. For example, the 28 days compressive strength of POFA20 concrete was 85.9 MPa or about 111% of control concrete and was higher than those of POFA10 and POFA30 concretes, which were 81.3 and 79.8 MPa, respectively. This is due to the high content of SiO 2 (65.3%) and the high fineness of ground POFA, which helps to react with Ca͑OH͒ 2 to produce an additional calcium silicate hydrate, which improves the compressive strength of concrete.
In Tables 4 and 5 , the compressive strengths of ground POFA concretes were equal or higher than that of control concrete. At the same age, the POFA20 concrete gave compressive strength on the order of 100-107% of SF05 concrete and about 92-94% of SF10 concrete. In addition, the use of ground POFA in producing high-strength concrete is much cheaper than condensed silica fume. The cost of condensed silica fume is about ten times higher than portland cement Type I and much more expensive than POFA. Moreover, the use of POFA as a partial substitution of portland cement Type I in concrete can reduce the quantity of portland cement required to make high-strength concrete as well as the quantity of waste material that results in more environmentally friendly "green" concrete.
Modulus of Elasticity
Modulus of elasticity of high-strength concretes at the age of 90 days is presented in Table 4 and Fig. 5 . The values varied between 43.7 and 47.9 GPa in POFA30 and SF10 concretes, respectively. The modulus of elasticity of condensed silica fume concrete increases with the increasing compressive strength, which is similar to plain concrete (Luther and Hansen 1989) . The ground POFA content up to 30% by weight of cementitious materials had little effect on modulus of elasticity of concretes. With the compressive strength between 87.5 and 91.5 MPa, it was found that ground POFA concrete gave slightly lower modulus of elasticity than those of control and condensed silica fume concretes. This is due to the decrease in coarse aggregate content of concrete mixtures (Cetin and Carrasquillo 1998) . Modulus of elasticity of ground POFA concrete tended to increase with the increase of compressive strength, which was 43.7, 44.2, and 44.6 GPa for the compressive strength of 88.7, 89.1, and 91.5 MPa, respectively.
It should be noted that all of the test results of modulus of elasticity were higher than the values predicted by ACI 363 (ACI 2000a) equation as shown in Fig. 5 . This was mainly due to the lower compressive strength of light and normal weight concrete ͑21-83 MPa͒ compared to the higher compressive strength of concrete in this study ͑87.5-97.9 MPa͒. Furthermore, Huo et al. (2001) found that this type and coarse aggregate content had major effects on modulus of elasticity, especially for highstrength concrete mixtures that usually had a higher content of coarse aggregate.
Heat Evolution
The results of heat evolution in terms of peak temperature rise are shown in Table 6 . It can be observed that the control concrete reached the highest peak temperature rise of 47°C about 12 h after casting. SF05, SF10, and SF15 concretes containing condensed silica fume of 5, 10, and 15%, respectively, showed peak temperature rise at 44-45°C [ Fig. 6(a) ], SF15 concrete gave the longest time to peak temperature rise ͑15 h͒ because the high dosage of superplasticizer attributed to the retarding effect (Atis 2002) . The peak temperature rise of POFA10, POFA20, and POFA30 concretes were 46, 44, and 40°C, respectively, which occurred about 13, 14, and 15 h after casting, respectively [ Fig.  6(b) ]. The reduction in the cement content due to the increasing replacement of cement by ground POFA tended to diminish the total heat released (Kadri and Duval 2001) . Therefore, the use of 30% of ground POFA as a cement replacement gave the lowest peak temperature rise ͑40°C͒ that caused a reduction in peak temperature rise of 15% from control concrete. 
Conclusions
From the experimental results and discussion, the following conclusions can be drawn. 1. The ground POFA with high fineness ͑d 50 = 10.1 m͒ is a reactive pozzolanic material and can be used to produce high-strength concrete. 2. Concrete containing up to 30% of ground POFA gives the 28 days compressive strength in the range of 79.8-85.9 MPa, which is higher than that of control concrete on the order of 103-111%. 3. The replacement of portland cement Type I with 20% by ground POFA can produce higher compressive strength than that of 5% condensed silica fume concrete and gives compressive strength at the same age corresponding to 92-94% of 10% condensed silica fume concrete. 4. The ground POFA content from 10 to 30% has a slight effect on lowering the modulus of the elasticity of concrete. 5. Increasing the replacement level of ground POFA can reduce the peak temperature rise of concrete. The use of 30% of ground POFA as cement replacement produces the lowest peak temperature rise and causes a reduction of 15% of temperature from control concrete. Control  26  73  47  -100  12  SF05  28  73  45  2  96  12  SF10  29  73  44  3  94  13  SF15  29  73  44  3  94  15  POFA10  27  73  46  1  98  13  POFA20  28  72  44  3  94  14  POFA30  28  68  40  7  85  15 Fig. 6. Heat evolution of concrete mixed with silica fume and ground palm oil fuel ash
